1. Paired iris smooth muscles from rabbits were incubated for 30min at 37°C in an iso-osmotic salt medium containing glucose, inositol, cytidine and [32P]phosphate. 2. One of the pair was then incubated at 37'C for 10min in unlabelled medium containing lOmM-2-deoxyglucose and the other was incubated in the presence of acetylcholine plus eserine (0.05mM each). 2-Deoxyglucose, which was included in the incubation medium to minimize the biosynthesis of triphosphoinositide from ATP and diphosphoinositide, decreased the amount of labelled ATP by 71 % and inhibited further 32p incorporation from ATP into triphosphoinositide by almost 30 %. 3. Acetylcholine (0.05mM) increased significantly the loss of 32P from triphosphoinositide (the 'triphosphoinositide effect') in 32P-labelled iris muscle. This effect was measured both chemically and radiochemically. It was also observed when 32P1 was replaced by myo-[3H]inositol in the incubation medium.
1. Paired iris smooth muscles from rabbits were incubated for 30min at 37°C in an iso-osmotic salt medium containing glucose, inositol, cytidine and [32P]phosphate. 2. One of the pair was then incubated at 37'C for 10min in unlabelled medium containing lOmM-2-deoxyglucose and the other was incubated in the presence of acetylcholine plus eserine (0.05mM each). 2-Deoxyglucose, which was included in the incubation medium to minimize the biosynthesis of triphosphoinositide from ATP and diphosphoinositide, decreased the amount of labelled ATP by 71 % and inhibited further 32p incorporation from ATP into triphosphoinositide by almost 30 %. 3. Acetylcholine (0.05mM) increased significantly the loss of 32P from triphosphoinositide (the 'triphosphoinositide effect') in 32P-labelled iris muscle. This effect was measured both chemically and radiochemically. It was also observed when 32P1 was replaced by myo-[3H]inositol in the incubation medium.
4. The triphosphoinositide effect was blocked by atropine but not by D-tubocurarine. Further, muscarinic but not nicotinic agonists were found to provoke this effect. 5. Acetylcholine decreased by 28% the 32p incorporation into triphosphoinositide, presumably by stimulating its breakdown. This decrement in triphosphoinositide was blocked by atropine, but not by D-tubocurarine. 6 . The triphosphoinositide effect was accompanied by a significant increase in 32p labelling, but not tissue concentration, of phosphatidylinositol and phosphatidic acid. The possible relationship between the loss of 32p label from triphosphoinositide in response to acetylcholine and the concomitant increase in that of phosphatidylinositol and phosphatidic acid is discussed. 7. The presence of triphosphoinositide phosphomonoesterase, the enzyme that might be stimulated in the iris smooth muscle by the neurotransmitter, was demonstrated, and, under our methods of homogenization and assay, more than 80% of its activity was localized in the particulate fraction.
Although the 'phosphatidylinositol effect' which may be defined as a change in the rate of metabolism or turnover of this phospholipid when the tissue in which it occurs is stimulated by either neurotransmitters, drugs or other means, was discovered more than 20 years ago (Hokin & Hokin, 1955) and its presence has been confirmed in a number of tissues (for reviews see Hokin, 1968; Hawthorne, 1973; Hawthorne & White, 1975; Michell, 1975) , the physiological significance and the molecular mechanism underlying this phenomenon are still unexplained. At least in some tissues, especially nervous tissue, this effect is thought to be associated with synaptic transmission (Hokin & Hokin, 1958; Larrabee et al., 1963) . In addition, preliminary evidence was presented by which suggested that acetylcholine stimulates the t To whom reprint requests should be addressed.
Vol. 162 phosphodiesteratic cleavage of phosphoinositides and that this may be the primary effect leading to secondary increases in synthesis of phospholipids, particularly phosphatidic acid and phosphatidylinositol. More recently this concept gained support from the studies by Hokin-Neaverson (1974) and her collaborators (Banschbach et al., 1974a) working with pancreas, and Jones & Michell (1974) working with rat parotid fragments, who demonstrated a decrease in phosphatidylinositol in response to acetylcholine.
An effect of acetylcholine on polyphosphoinositide metabolism has also been suggested as part of a model on the mechanism of action of acetylcholine. However, the experimental evidence reported by a number of investigators working on the effects of external stimuli on polyphosphoinositides in various tissues has been confusing and in many instances contra-A. A. ABDEL-LATIF, R. A. AKHTAR AND J. N. 1{AWTHORNF dictory. Thus, de,spite many attempts in the past to alter the labelling of diphosphoinositide and triphosphoinositide by the gddition of fcetylp,hofne to media bathing brain slices (Palmer & Rossiter, 1965) , sympathetic or vagal ganglia (Hokin, 1965) , synaptosomes (Y4gihar4 & Hawthorne, , 197) or by electrical stimulation of brain slices (Pumphrey, 1969) , no signiificapt ch4pges have been found.
However, in'more recent work Birnberger et al. (1971) showed an increased turnover of triphosphoinositide in lobster nerves after long incubationu and brief electrical stimulation (5min). Schacht & Agranoff (1972a) showed a 1.5-fold increase in labelling of diphosphoinositido and triphosphoinositide in goldfish brain after administration of pentylenetetrazol. White et al. (1974) reported that stimulation of vagus nerve for 30min increased 32p incorporation into all phospholipids studied, but the increase was significant only for diphosphoinositide and triphosphoinositide. By contrast, Schacht & Agranoff (1972b) observed a decreased labelling of polyphosphoinositides with 32p. in guinea-pig brain-cortex subfractions incubated with acetylcholine. White & Larrabee (1973) reported a specific decrease in thelabelling oftriphosphoinositide in rat vagus nerve after electrical stimulation for 3 h.
In previous papers one of us (Abdel-Latif, 1974 has reported the effects of cholinergic and adrenergic neurotransmitters on 32P incorporation into phospholipids ofthe rabbit iris, a smooth muscle which is innervated by cholinergic and adrenergic nerve terminals. The phosphatidylinositol effect has also been reported in two other smooth muscles, namrely the rat vas deferens (Canessa de Scarnatti & Lapetina, 1974) and the guinea-pig ileum (Jafferji & Michell, 1976) .
The studies on the iris indicate that acetylcholine and noradrenaline enhance the turnover of phosphatidic acid and phosphatidylinositol; the effects are concentrationn-and time-dependent and mediated through muscarinic and a-adrenergic receptors. The phosphatidic acid and phosphatidylinositol response to noradrenaline was also found to increase considerably after sympathetic denervation of the iris musple (Abdel-Latif et al., 1975) , which has been shown to lead to complete degeneration of the adrenergic nerve terminals (Roth 4 Richardson, 1969) , thus suggesting the involvement of postsynaptic receptors in this phenomenon.
In studies on the molecular mechanism underlying the phosphatidylinositol effect, we reported a slight decrease in the concentration of phosphatidylinositol and a corresponding increase in that of phosphatidic acid in response to noradrenaline (Owen, 1976) .
In view ofthe latter observations and ofthe findings of others on acetylchpline-stirnulated breakdown of phosphatidylinositol in pancreas (Hokin-Neaverson, 1974 ) and parotid (Jones & Michell, 1974) , we depided to re-investigate the effects of acetylcholine and other cholinergic agents on the breakdown of radioactive phospholipids, including polyphosphoinositides, of iris muacle lablled with 32p or myo-[32U]inosito1 in vitro. In the present study we used lOmM-2-deoxyglucose, which we have found to deplete effectively the muscle of its ATP, and thus prevent appreciLble turnover of phospholipids in the tissue. It is phpsphorylated to 2-depxyglucose 6-phosphate and is not further metabolized (Sols & Crane, 1954) . Further, it has beeen reported to be most efficently phosphqrylated by a pool of ATP relevant to stimqlated phospholipi4lfbelfing (Schacht & Agranoff, 1974 (Paulus & Kennedy, 1960) . Diphosphoinositide and triphosphoinositide were prepared from bovine brain. A crude diphosphoinositide fraction was prepared by the method of Folch (1949) and diphosphoinositide and triphosphoinositide were isolated by means Qf DEAE-cellulose column chromatography (Whatman DE52, microgranular) as described by Hendrickson & Ballou (1964 the chloroform layer was evaporated to dryness under a stream of N2 and the phospholipids were dissolved in 0.1ml of chloroform, -and separated into the individual phospholipids by means of two-dimensional t.l.c. with silica-gel H. In the present work the silica-gel slurry was prepared by mixing 40g of silica-gel H with 3 g of magnesium acetate in 95 ml of water. Five glass plates (20 x 20cm) were coated with this slurry to a depth of 0.3 mm. The plates were air-dried and activated for 1 h at 1 1O'C just before use. The solvent systems used were the same as previously described . Since in our previous work with the iris muscle we extracted the lipids with neutral solvents (AbdelLatif, 1974) we did not observe the polyphosphoinositides. In the present work we extracted the lipids with acidified solvents, and, as can be seen from Broekhuyse (1968) reported that, when iris phospholipids were extracted under neutral conditions, lysophospholipids were preseit in very low concentrations. He also observed five unidentified phosphplipids in his t.l.p. which were present in small amounts. In the prrWnt study phoAp4o-lipids were extracted under acidic conditions. Whereas lysophosphatidylcholine was found in very low concentration, lysophosphatidylethanolamine was present in relatively higher concentrations (Fig. 1) . Broekhuyse (1968) reported a high percentage of ethanolamine plasmalogen in the calf iris muscle. Since the formation of lysophospholipids from the corresponding plasmalogens is known to proceed rapidly under acidic conditions (Broekhuyse, 1968) , it is possible that lysophosphatidylethanolamine was formed fromethanolamine plasmalogen during extraction of the phospholipids. The unidentified lipids were found to contain negligible amounts of 32P radioactivity. Lipids were detected by means of I2 vapour, and the phospholipid spots were scraped from the plates and counted for radioactivity in a liquid-scintillation spectrometer with 10ml of a scintillation fluid [6g of 2,5-diphenyloxazole and 120mg of 1,4-bis-(5-phenyloxazol-2-yl)benzene/litre of xylene]. For determination of the radioactivity and phosphate content of the phospholipids, the spots were scraped off the plate and digested in 0.7 ml of 72% (w/v) HC104. After cooling and the addition of 4ml of water, the sample was centrifuged and the clear 6, phosphatidylinositol; 7, lysophosphatidylethanolamine; 8, lysophosphatidylcholine; 9, sphingomyelin; 10, phosphatidylcholine; 11, phosphatidylethanolamine; 12, cardiolipin; 13, unidentified; 14, cholesterol and neutral lipids. supernatant was analysed for phosphate (Bartlett, 1959) and radioactivity. For determination of the latter, the scintillation fluid was mixed with one-half of its volume (the weights of the scintillators were adjusted accordingly) of Triton X-100 and lOml of the mixture was added to a portion of the aqueous sample (0.5 ml in the present study).
Assay for triphosphoinositide phosphomonoesterase in the soluble and particulate fractions of the iris muscle. To prepare the soluble and particulate fractions from the iris muscle, the following procedure was followed (Abdel-Latif & Smith, 1976) . The irises were placed in cold 0.25M-sucrose, adjusted to pH7.4 with Tris/HCl buffer, cut into small pieces withfine scissors, thenhomogenized thoroughly either in a glass homogenizer (by hand) or in a Tissuemizer (type X1020; 10 T shaft; International Laboratory Apparatus G.m.b.H., 7801 Dottingen, Germany) at 10000rev./min for 40s. The homogenate was quickly passed through two layers of cheesecloth under mild suction to remove most of the connective tissue and debris. The filtrate was then centrifuged at 120000g for 90min to give a sediment (the particulate fraction) and a clear supernatant (the soluble fraction). The method used for assay of triphosphoinositide phosphomonoesterase was a modification of the method described by Sheltawy et al. (1972) . To assay for the enzyme, 0.75,umol of triphosphoinositide (sodium salt) was dispersed in 0.2ml of water. Then the following constituents were added: 1.5mM-MgCl2, 0.75mM-CaCl2, 100mm-KCI, 1 mm-NaF, 42mM-Tris/HCI buffer, pH7.4, reduced glutathione (3mM), pH7.4, and the enzyme was added as indicated, in a final volume of 0.75ml. Incubation was carried out for 30 min at 37°C. Appropriate controls accompanied each determination. The reaction was terminated by adding 0.7ml of HC104, and the liberated PI was determined in the supernatant as described by Bartlett (1959) . Protein was determined as described by Lowry et al. (1951) , with crystalline bovine serum albumin as a standard.
Results
Effect of 2-deoxyglucose on the amount of radioactivity in ATP and on the phospholipids of iris muscle which were labelled with [32P]phosphate
To measure the effectiveness of 2-deoxyglucose in depleting the muscle of its ATP and thus inhibiting further 32P incorporation into phospholipids, the 32P-labelled slices were incubated for 10min at 37°C in the presence and absence of 10mM-deoxyglucose. As can be seen from Bradford (1969) and containing 25,uCi of 32P1 in a final volume of 1 ml. One of the pair was washed four times with excess of unlabelled cold medium and incubated for 10min in the same medium. The other was washed in Bradford medium that contained 10mM-2-deoxyglucose and incubated for 10min in the same medium. The phospholipids and ATP were isolated, and their radioactive contents determined as described in the Materials and Methods section. The results are the means of two different experiments. To prelabel the iris phospholipids with 32P1, each pair of irises obtained from the same rabbit was preincubated for 30min at 37°C in a medium based on that of Bradford (1969) and containing 25pCi of 32P1 in a final volume of 1 ml. After prelabelling the irises, they were washed four times with excess of unlabelled cold medium that contained 10mM-2-deoxyglucose. For studies on the effect of acetycholine+eserine (0.05mM each) the prelabelled irises (of the pair, one was used as control and the other as experimental) were incubated at 37'C for 10min in 1 ml of unlabelled medium that contained IOmM-2-deoxyglucose. Further, addition of acetylcholine plus eserine (0.05mMeach) to the incubation medium enhanced the loss ofradioactivity from triphosphoinositide by 27% after 10min of incubation ( Time-course of breakdown of radioactive triphosphoinositide and other phospholipids in response to acetylcholine To investigate the optimum conditions for the triphosphoinositide effect, the loss of radioactivity from triphosphoinositide in response to acetylcholine was investigated at various time-intervals (Fig. 3) , and at different concentrations of acetylcholine (Fig. 4, below) . Fig. 3 shows that the triphosphoinositide effect increased with time and reached a maximum value (about 25 % hydrolysis) after 10min of incubation. At the same time the labelling in phosphatidic acid and phosphatidylinositol increased by almost 40 and 30% respectively. However, the stimulation of phosphatidylinositol labelling decreased after 20min ofincubation, and after 30min there was a slight net breakdown of phosphatidylinositol in response to the neurotransmitter. This effect on the breakdown of phosphatidylinositol at longer time-intervals (30min) could be due to (a) Effect of different conentrations of acetylcholine on the triphospholnositide effect An increase in the triphosphoinositide effect can be seen at all concentrations of acetylcholine (Fig. 4) . Also, there was a corresponding increase in the labelling of phosphatidic acid and phosphatidylinositol. The optimum concentration for this stimulation is about 50nm. Diphosphoinositide appears to behave as a transient intermediate in this tissue.
Effects of muscarinic and nicotinic antagonists on the triphosphoinositlde effect
To show whether the receptor which triggered this triphosphoinositide effet is of muscarii or nicotinic type, we investigated the effects of (a) atropine, which blocks muscarinic receptors and the acetylcholine stimulation of phosphatidic acid and phosphatidylinositol labelling in most tissues investigated (Michell, 1975) , and (b) ntubocurarine, which blocks the action of acetylcholine at nicotinic receptors, on the breakdown of triphosphoinositide and other phospholipids. As can be seen from Table 4 . Effects of atropine and D-tubocurarine on acetylcholine-stimulated 3p incorporation into triphosphoinositide and other phospholipids ofrabbit iris muscle In this experiment the irises were first incubated for 5 min in 32P-containing medium in the presence or absence of the blockers as shown in Table 3 . Acetylcholine plus serine (0.05mM each) were then added, and the incubation was continued at 37'C for another 30min. The reaction was stopped by the addition of 1 ml of 10% (w/v) trichloroacetic acid. Extraction and analysis of the lipids were carried out as described in the Materials and Methods section. , 1976) . In the present studies this drug was also found to block the triphosphoinositide effect, in addition to blocking the phosphatidylinositol effect (Table 4 ). The decrease in the triphosphoinositide labelling observed in the presence of the neurotransmitter is presumably caused by an increase in its breakdown. By contrast, D-tubocurarine exerted no effect. This again suggests that the triphosphoinositide effect is mediated by muscarinic receptors.
Effects of muscarinic and nicotinic agonists on the triphosphoinositide effect Carbamoylcholine and pilocarpine are muscarinicreceptor agonists. Both drugs provoked an increase in the breakdown of triphosphoinositide and a simultaneous increase in the labelling of phosphatidic acid and phosphatidylinositol ( choline exerted a slight effect on the former, but had no effect on the labelling of the latter lipids. By contrast, lobeline, a nicotinic agonist (Carrier, 1972) had no effect.
Effect of acetylcholine on breakdown of phosphoinositides of muscle prelabelled with myo-[3H]inositol
In further experiments designed to throw more light on the molecular mechanism underlying the triphosphoinositide effect, two types of experiments were carried out: (a) the muscle was prelabelled with myo-[3H]inositol and the effect of acetylcholine on the breakdown of the phosphoinositides was investigated (Table 6 ). (b) The muscle was prelabelled with 32P1, and loss of radioactivity and phosphate from the phosphoinositides was investigated (Table 7) .
From the average of 11 observations, phosphatidylinositol, diphosphoinositide and triphospho-1977 inositide were found to contain 72.5, 3.5 and 24% of the total 3H radioactivity respectively ( Thompson, 1964; Thompson & Dawson, 1964a) has not previously been reported for smooth muscle, its activity and subcellular distribution in the iris were studied. In both young rabbits, which we used in the present work, and adult rabbits, the reaction rate (nmol of Pi liberated/h per g fresh muscle)
was found to be about 5000, and about 84% of this activity was found to be localized in the particulate fraction (Table 8) . Thus the activity of this enzyme is considerably lower than that of the brain tissue, and in contrast with brain, where most of the activity is localized in the soluble fraction (Salway et al., 1967) , in muscle it is mostly particulate. Sheltawy et al. (1972) , working with guinea-pig brain, also concluded that this enzyme might be localized in the cell-surface membrane.
Discussion
Several years ago, Thompson & Dawson (1964a,b) and Dawson & Thompson (1964) described the partial purification of brain phosphatases that act on the polyphosphoinositides. One of these enzymes was a phosphomonoesterase (Dawson & Thompson, 1964) which dephosphorylated triphosphoinositide to diphosphoinositide. These authors concluded that one of the pathways for triphosphoinositide catabolism involves the reaction triphosphoinositide -* diphosphoinositide---monophosphoinositide. Earlier, Brockerhoff & Ballou (1961 , 1962a suggested from their studies on brain slices that the general metabolism of the polyphosphoinositides follows a reversible sequence, monophosphoinositide ,diphosphoinositide=triphosphoinositide. The present data on the iris smooth muscle are in accord with this conclusion, and the metabolic pathways that may be affected by acetylcholine are shown in Scheme 1.
In the present study we have demonstrated that acetylcholine, at concentrations -10nM and for short time-intervals (<0min), significantly stimulates the breakdown oftriphosphoinositide (Figs. 3 and 4) . This breakdown in response to the neurotransmitter has been measured both chemically and radiochemically (Tables 2 and 7) (Tables 3 and 4) . By contrast, D-tubocurarine, a nicotinic-receptor blocker, had no effect. Further, only muscarinic agonists, but not nicotinic agonists, were found to induce an acetylcholine-stimulated breakdown of triphosphoinositide (Table 5 ). This suggests that the triphosphoinositide effect is mediated through muscarinic receptors. So far all tissues which have exhibited a phospholipid effect have been found to be of the muscarinic type (Michell, 1975) , except the electric organs of the Torpedo (Rosenberg, 1973; Bleasdale et al., 1976) , which are considered to have receptors of the nicotinic type. De Robertis (1971) envisages phosphatidylinositol as a part of the nicotinic cholinergic receptor. Torda (1973 Torda ( , 1974 Although the loss of radioactivity from triphosphoinositide is about 20 % higher than the combined gain in the labelling of phosphatidic acid plus phosphatidylinositol, only part ofthis gain can be derived from the radioactive polyphosphoinositide (Table 2 ). This conclusion is based on the fact that the diester phosphate constitutes only one-third of the total triphosphoinositide phosphorus and may have a lower specific radioactivity than the monoester phosphates. The question arises as to how this triphosphoinositide effect is related to the acetylcholine stimulation of phosphatidic acid and phosphatidylinositol labelling. A number of metabolic pathways can contribute to this increase (Scheme 1), including the following. (a) From triphosphoinositide breakdown. An enhance-ment in triphosphoinositide catabolism can lead to an increase in phosphatidylinositol labelling and subsequently into phosphatidic acid and phosphatidylcholine (Scheme 1). In our preliminary communication (Abdel-Latif & Akhtar, 1976) we postulated the breakdown of phosphatidylinositol into phosphatidic acid and free inositol. More recently HokinNeaverson et al. (1975) showed the products of the acetylcholine-stimulated breakdown of phosphatidylinositol in mouse pancreas to be phosphatidic acid and free inositol. Jungalwala et al. (1971) reported that all the enzymes required for phosphatidylinositol synthesis in pig thyroid are microsomal, (Table 7) and those ofJafferji & Michell (1976) .
Although the triphosphoinositide effect can be relatedtothephosphatidylinositoleffectmetabolically (Scheme 1), the functional inter-relationship between the two phenomena remains to be determined. In the present study we have shown the triphosphoinositide phosphomonoesterase to be localized in the particulate fraction. Sheltawy et al. (1972) , working with guinea-pig brain, developed an assay system for this enzyme which we used in the present work, found it to possess a distribution similar to that of 5'-nucleotidase and concluded that it might be localized, along with its substrate, in the cell surface membrane. Michell (1975) has suggested that the majority of the phosphoinositides could be localized at the inner face of the plasma membrane. The present demonstration of a triphosphoinositide effect, presumably located in the vicinity of the muscarinic receptor, would tend to support these observations.
